INTRODUCTION
============

One of the key questions in high-temperature superconductivity is how it emerges as hole-like carriers are added to a correlated Mott insulator ([@R1]--[@R3]). Soon after the discovery of Bednorz and Müller ([@R4]), it was recognized that competition between kinetic energy and Coulomb repulsion could cause valence holes to segregate into periodic structures originally referred to as "stripes" ([@R5]--[@R7]). Valence band charge order has since been observed in nearly all cuprate families ([@R8]--[@R19]), although it is not known what role, if any, charge order plays in superconductivity.

It is widely believed that, while static charge order may compete with superconductivity, fluctuating order could be favorable or even contribute to the pairing mechanism ([@R1], [@R2], [@R20]). For example, transverse stripe fluctuations have been cited as a means to enhance superconductivity by modulating the interstripe Josephson coupling ([@R1], [@R21]). It is therefore crucial to determine whether the charge order in cuprates is fluctuating and, if so, what kind of dynamics it exhibits.

The generally accepted way to detect fluctuating charge order is to use energy- and momentum-resolved scattering techniques, such as inelastic x-ray or electron scattering, to measure the dynamic structure factor, *S*(*q*, ω) ([@R2], [@R20]). This quantity is related to the charge susceptibility, χ″(*q*, ω), by the fluctuation-dissipation theorem, which asserts a quantitative relationship between the weakly nonequilibrium dynamics of a system and its equilibrium fluctuations at finite temperature ([@R22]--[@R25]). The time scale of the fluctuations can therefore be inferred from the energy dependence of the scattering data. The energy scale of charge fluctuations could, however, be of the same order as the superconducting gap, requiring instruments with sub--millielectron volt energy resolution to detect it. These x-ray and electron spectrometers do not yet exist, calling for a different approach.

An alternative way to achieve sub--millielectron volt energy resolution is to study the collective excitations in the time domain. The effective energy resolution of a time-resolved experiment can be defined as Δω = 2πℏ/*t*~d~, where *t*~d~ is the time interval measured ([@R26]). Arbitrarily low energy scales can therefore be accessed by scanning to long delay times. Furthermore, the fluctuation-dissipation theorem guarantees that the time-domain dynamics of a system may be used to shed light on its low-energy fluctuations in equilibrium.

When an ordered phase is excited out of equilibrium, its order parameter could exhibit any of several distinct types of dynamics ([@R23]--[@R25]). For example, it might exhibit inertial dynamics, undergoing coherent oscillation around its equilibrium value at a characteristic frequency. These dynamics are common in structural phase transitions in which the oscillation is a phonon of the distorted phase. Alternatively, the order parameter might relax back to equilibrium gradually, through either dissipation or diffusive motion of excitations. This relaxation is influenced by conservation laws and by the possible presence of continuous symmetries that support topological defects ([@R24], [@R25]). Recent time-resolved optics studies of underdoped YBa~2~Cu~3~O~6+*x*~ and La~2−*x*~Sr*~x~*CuO~4~ showed coherent, millielectron volt--scale oscillations that were interpreted as an amplitude mode of the charge order ([@R27]--[@R29]), implying that the charge dynamics are inertial ([@R24], [@R25]). However, optics experiments probe the system at zero momentum and are not selectively sensitive to charge order, which is an innately finite-momentum phenomenon. Hence, momentum-resolved techniques capable of directly studying the microscopic dynamics of the charge order are greatly needed.

RESULTS AND DISCUSSION
======================

Here, we use time-resolved resonant soft x-ray scattering (tr-RSXS) to study the collective dynamics of "stripe-ordered" La~2−*x*~Ba*~x~*CuO~4~ with *x* ∼ 1/8 (LBCO) ([@R8], [@R9], [@R30]). We use 50-fs, 1.55-eV laser pulses to drive the charge order parameter out of equilibrium and probe its subsequent dynamics by scattering 60-fs x-ray pulses from a free-electron laser (FEL) after a controlled time delay ([Fig. 1A](#F1){ref-type="fig"}). X-ray pulses were resonantly tuned to the Cu *L*~3/2~ edge (931.5 eV) and detected with either an energy-integrating avalanche photodiode (APD) or an energy-resolving soft x-ray grating spectrometer with a resolution of 0.7 eV ([@R31], [@R32]). Using the latter makes this is a time-resolved resonant inelastic x-ray scattering (tr-RIXS) measurement and allows the isolation of the resonant, valence band scattering from the Cu^2+^ fluorescence background. A total delay range of *t*~d~ = 40 ps after the pump arrival was scanned with a time resolution of Δ*t* = 130 fs (fig. S1), allowing studies of phenomena with an energy scale ranging from 2πℏ/*t*~d~ = 0.103 meV to πℏ/Δ*t* = 15.9 meV ([@R26]).

![Pump-induced suppression and recoil of the charge order in LBCO.\
(**A**) Sketch of the experiment. Pump pulses of 1.55 eV perturb the charge order, which is then probed by resonant scattering of copropagating soft x-ray FEL pulses resonantly tuned to the Cu L~3/2~ edge. In this experiment, there is an additional surface miscut of 21° from the *ab* plane. (**B**) Time-dependent shift of the charge order wave vector in the *H* momentum direction for two different azimuthal sample angles, ϕ = 0 and π. Error bars represent the SD of the pseudo-Voigt peak position fit. The dashed line is a fit to the ϕ = 0 data (reflected for comparison to the ϕ = π points) with an exponential function of the type *H*(*t*) = *H*~0~ + Θ(*t*)(1 − *e*^−*t*/τ~0~^)(δ*He*^−*t*/τ^ + δ*H*~∞~) (note S2). (**C**) Transverse momentum scan in the *H* direction through the charge order peak for a selection of time delays. Dashed lines are fits using a pseudo-Voigt function (note S2). The fluorescence background has been subtracted. a.u., arbitrary units.](aax3346-F1){#F1}

LBCO is considered the most charge-ordered cuprate. With a correlation length reaching hundreds of lattice parameters, its charge order is often considered "static" ([@R9], [@R30]), making it a stringent test case for fluctuating order. Above the transition temperature *T*~co~, recent scattering experiments reported evidence of precursory and possibly fluctuating charge order correlations ([@R33]). The crystal used here orders below *T*~CO~ = 53 K, which coincides with an orthorhombic-to-tetragonal structural transition ([@R8], [@R9], [@R30]). Experiments were carried out at *T* = 12 K, which is above the superconducting *T*~c~ = 5 K, and focused around the charge order wave vector ${\overset{\rightarrow}{Q}}_{\text{CO}} = (0.23,\ 0.00,\ 1.50)$ reciprocal lattice units (r.l.u.), where (*H*, *K*, *L*) are Miller indices denoting the location of the peak in momentum space (see Materials and Methods for further details) ([@R9], [@R30]).

tr-RSXS directly reveals the dynamics of the charge order parameter. A transverse momentum scan through the charge order reflection at a delay time of 1 ps and a pump fluence of 0.1 mJ/cm^2^ ([Fig. 1C](#F1){ref-type="fig"} and fig. S3) shows that the peak is suppressed by 75% and broadened in momentum by 45% compared to its equilibrium value, as determined by a pseudo-Voigt fit (note S2) ([@R34]--[@R36]). That the peak is not fully suppressed implies that the laser provided a perturbation of intermediate strength, with which the charge order is not fully extinguished. The broadening of the peak indicates the creation of microscopic heterogeneous structure in the charge order that is transverse in character.

It is crucial to establish whether the peak changes observed are truly properties of the valence band. Repeating the measurement using energy-resolved tr-RIXS with a resolution of 0.7 eV, we find that the peak suppression only takes place in the resonant, quasi-elastic scattering ([Fig. 2](#F2){ref-type="fig"}). The other RIXS features, including the *dd* and charge transfer excitations and Cu^2+^ fluorescence emission, are unaffected by the pump. We conclude that the effects observed are properties of the valence band and that the time response will directly reveal the dynamics of the charge order.

![tr-RIXS measurement of charge order in LBCO.\
(**A**) tr-RIXS spectra taken at a series of delay times, with the momentum tuned to the peak of the charge order, *Q*~co~ (data are binned in 400-fs time steps to reduce counting noise in the plot). (**B**) Line plots of the same tr-RIXS spectra for a selection of time delays. Error bars represent Poisson counting error. The quasi-elastic scattering from the charge order appears at zero energy and is the only spectral feature influenced by the pump. The feature at −1.8 eV is a combination of *dd* excitations and Cu^2+^ emission, and the features at −6 eV are charge transfer excitations.](aax3346-F2){#F2}

Shortly after the pump, for time *t* ≲ 2 ps that corresponds to an energy scale of 2 meV ≲ ω ≲ 15.9 meV, we observe a shift in the wave vector of the charge order peak (see [Fig. 1C](#F1){ref-type="fig"}). This shift occurs in the scattering plane, along the *H* momentum direction but not along the perpendicular *K* direction (fig. S2B). A single exponential fit to the time dependence ([Fig. 1B](#F1){ref-type="fig"}) indicates that the peak position recovers in (2.13 ± 0.18) ps. This pump-induced phenomenon could be due to any of three effects: (i) a change in the periodicity of the charge order; (ii) a change in the refractive index of the sample in the soft x-ray regime, which would alter the perceived Bragg angle of the reflection ([@R37]); or (iii) a collective recoil of the charge order condensate.

We tested the first possibility by rotating the sample azimuthal angle by 180° and repeating the measurement at the same ${\overset{\rightarrow}{Q}}_{\text{CO}} = (0.23,\ 0.00,\ 1.50)$ r.l.u. If the shift were due to a periodicity change, because the CuO~2~ plane is C~4~ symmetric, then such a rotation would not affect the peak momentum as measured in the reference frame of the sample. Unexpectedly, we found that the momentum shift reversed direction ([Fig. 1B](#F1){ref-type="fig"}), meaning that it is fixed with respect to the propagation direction of the pump but not the crystal axes. This excludes a (pure) change in the periodicity of the charge order. To test the second possibility, we measured the (0, 0, 1) Bragg reflection of the low-temperature tetragonal structure. A pump-induced change in the refractive index should be visible as a shift in the (0, 0, 1) peak as well; however, no such shift was observed (fig. S6). We are led to the unexpected conclusion that the pump induces a coherent recoil of the charge order condensate---in essence, a nonequilibrium population of collective modes exhibiting a nonzero center-of-mass momentum, which might be thought of as a classical Doppler shift.

After a delay time of 2 ps, the charge order begins to recover. The next stage in its approach to equilibrium is summarized in [Fig. 3A](#F3){ref-type="fig"}, which shows the energy-integrated intensity of the charge order peak for times 2 ps ≲ *t* ≲ 10 ps, corresponding to an energy scale of 0.4 meV ≲ ω ≲ 2 meV. Unlike previous reports of a gapped amplitude mode ([@R27]--[@R29]), the recovery of the order parameter is purely exponential, lacking observable oscillations that would indicate inertial dynamics. This observation is unexpected because a conventional charge density wave (CDW) is normally gapped either by the crystal lattice or by disorder, resulting in inertial dynamics ([@R38]--[@R40]). It also is at odds with evidence from previous optics experiments that do not directly probe the charge order parameter ([@R27]--[@R29]). We conclude that the transverse dynamics in LBCO, previously thought to exhibit static charge order, are relaxational, meaning that the transverse excitations are gapless and will fluctuate at any finite temperature.

![Collective modes of charge order in LBCO propagate diffusively.\
(**A**) Solid lines: Time traces of the energy-integrated charge order scattering for a selection of momenta $q = \mid \overset{\rightarrow}{Q} - {\overset{\rightarrow}{Q}}_{\text{CO}} \mid$. The data are scaled to the same height and binned into 200-fs time steps to reduce counting noise in the plot. Dashed lines: Fits using a single exponential function (see note S6) show that the recovery time is highly momentum dependent. (**B**) Red points: Exponential decay parameter, γ(*q*), as a function of relative momentum difference, $q = \text{sgn}(H - H_{\text{CO}}) \mid \overset{\rightarrow}{Q} - {\overset{\rightarrow}{Q}}_{\text{CO}} \mid$. Error bars represent only the statistical uncertainties in the fits. Dashed line: Fit to the data using [Eq. 1](#E1){ref-type="disp-formula"}. Shaded area: Line shape of the unperturbed charge order reflection in equilibrium.](aax3346-F3){#F3}

The momentum dependence of the charge order dynamics reveals that the collective excitations propagate by Brownian diffusion. In the standard description of relaxational dynamics in a periodic system (note S7) ([@R24], [@R25], [@R41]--[@R44]), a nonconserved order parameter driven weakly out of equilibrium will have a time dependence proportional to exp\[−γ(*q*)*t*\], where $q = \mid \overset{\rightarrow}{Q} - {\overset{\rightarrow}{Q}}_{\text{CO}} \mid$ is the momentum relative to the charge order peak and$$\gamma(q) = \gamma_{0} + \mathit{Dq}^{2}$$

Here, γ~0~ describes pure dissipation, and the momentum dependence arises from diffusion quantified by the parameter, *D*. [Figure 3A](#F3){ref-type="fig"} shows time traces of the charge order peak intensity for *t* \< 10 ps and for a selection of momenta $\overset{\rightarrow}{Q}$ along the transverse direction around ${\overset{\rightarrow}{Q}}_{\text{CO}}$. Each curve is fit well by a single exponential function and a constant offset that likely arises from heating of the electronic subsystem (note S6) ([@R45]). The exponential behavior is consistent with the charge order deviating only slightly from its equilibrium value ([@R24], [@R25]). We find that the relaxation rate is highly momentum dependent, increasing rapidly with *q* ([Fig. 3B](#F3){ref-type="fig"}), and is fit well by [Eq. 1](#E1){ref-type="disp-formula"}, yielding dissipation parameter ℏγ~0~ = (0.1730 ± 0.0015) meV and diffusion constant ℏ*D* = (215 ± 19) meV Å^2^. These two quantities imply that the transverse collective excitations of the charge order in LBCO propagate by diffusion, with a characteristic diffusion length $\lambda = \sqrt{2D/\gamma_{0}} = (49.9 \pm 2.2)$ Å and dissipation time 1/γ~0~ = (3.805 ± 0.031) ps. Notably, the characteristic charge order fluctuation energy γ~0~ ∼ 2 K is similar to the superconducting *T*~c~ at *x* ∼ 1/8, thus suggesting a connection between the two phenomena.

At late times, 5 ps ≲ *t* ≲ 40 ps, corresponding to an energy scale of 0.1 meV ≲ ω ≲ 0.8 meV, the order parameter amplitude is close to its equilibrium value. The dynamics no longer follow a simple exponential function but instead are characterized by self-similar dynamic scaling ([@R46]--[@R49]). The concept of dynamic scaling originated in the field of far-from-equilibrium phenomena having been observed in phase-ordering dynamics of quenched binary fluids and alloys ([@R50], [@R51]). The hypothesis states that the amplitude and length scale of the order parameter satisfy a universal relationship$$S(q,t) = L^{d}(t)F\lbrack\mathit{qL}(t)\rbrack$$

Here, *S*(*q*, *t*) is the time Fourier transform of *S*(*q*, ω), *L*(*t*) is the characteristic length scale of the order, and *F*(*x*) is a universal function. For systems with a scalar order parameter, *L* corresponds to the mean domain size. For systems with a continuous symmetry and a vector or tensor order parameter, *L*(*t*) corresponds to the mean distance between topological defects and increases as defects annihilate or are annealed from the system. [Equation 2](#E2){ref-type="disp-formula"} states that the fluctuations are self-similar and independent of time if suitably scaled. Dynamic scaling only takes place at late times following a quench when the magnitude of the order parameter is large and nonlinear effects are important ([@R47], [@R52]).

Using [Eq. 2](#E2){ref-type="disp-formula"}, the late-time data collapse to a single curve ([Fig. 4A](#F4){ref-type="fig"}) when taking *d* = 3 and defining *L*(*t*) as the inverse of the half-width of the charge order reflection. This collapse implies that, at sub--millielectron volt energy scales, the transverse dynamics of the order parameter are determined by universal properties such as dimensionality and ranges of the interactions and are not governed by the microscopic details of LBCO itself.

![Demonstration of dynamic scale invariance at long times.\
(**A**) Scaled momentum profiles (as in [Fig. 1C](#F1){ref-type="fig"}) showing that the data collapse at late times for *d* = 3. Here, *L*(*t*) is taken to be the inverse half-width of the reflection at each time delay, *t*. The curves have been shifted in *H* to compensate for the momentum recoil at short times. (**B**) Compensated plot of the scaling function, *L*(*t*), taken to be the inverse half-width 1/*g* of the order parameter reflection (gray circles) or the cube root of the peak intensity at each time delay, *t*, i.e., by inverting the dynamical scaling relation *S*(0, *t*) = *L*^3^(*t*)*F*(0) (red line). The data show a power law of 0.03 at long times, indicating a logarithmic behavior.](aax3346-F4){#F4}

The behavior of *L*(*t*) is sensitive to the nature of the equilibrium phase that the system is approaching. If relaxing to a phase that is uniform in space, then *L*(*t*) is known to exhibit power law behavior at long times, *L*(*t*) ∼ *t*^α^, where α = 1/3 if the order parameter is conserved and α = 1/2 if it is not ([@R46], [@R47]). If the equilibrium phase is modulated, as is the current case of charge order in LBCO, it was predicted (for a strong quench) that the long-time behavior of two-dimensional (2D) modulated phase order is governed by the dynamics of topological defects, and *L*(*t*) ∼ ln (*t*) ([@R53]). These slow dynamics can arise without needing to consider additional effects due to pinning by disorder. That neighboring layers are correlated means that the topological defects behave as line defects oriented along the stacking direction and so can be described by an effective 2D dynamics.

We test these expectations by examining the long-time (*t* \> 10 ps) behavior of *L*(*t*). [Figure 4B](#F4){ref-type="fig"} shows a compensated plot seemingly indicating that *L*(*t*) ∼ *t*^0.03^ at long times. Small power laws of this sort are normally interpreted as logarithmic dependence, i.e., *L*(*t*) ∼ ln (*t*), supporting the prediction of Hou *et al.* ([@R53]). While disorder may be playing some role, this result is evidence that the long-time dynamics of LBCO are governed by the propagation of a dilute concentration of topological defects that are transverse in nature, such as dislocation lines. The functional form of the thermalization process of the charge-ordered phase, characterized by the presence of dynamical scaling phenomena and of diffusive behavior, is independent of the sample temperature well below the critical point.

CONCLUSION
==========

Our results show that the charge order in LBCO is dynamic, undergoing transverse fluctuations at millielectron volt energy scales. On an energy scale of 0.4 to 2 meV, the dynamics are relaxational, meaning that the collective excitations are gapless and propagate by diffusion. This conclusion is based on the direct measurement of the charge order parameter. The gapless nature of the charge order is unexpected because a conventional CDW is normally gapped by pinning on the lattice (e.g., to the LBCO low-temperature tetragonal distortion) or impurities ([@R38]--[@R40], [@R54]) and suggests that these fluctuations are a previously unidentified property specific to the cuprates. The energy scale of the transverse fluctuations is comparable to the superconducting energy, *k*~B~*T*~c~, suggesting a connection to superconductivity and supporting arguments that transverse stripe fluctuations might modulate the interstripe Josephson coupling ([@R1]). At ultralow-energy scales, \<0.4 meV, the charge order exhibits dynamic critical scaling, indicating that the dynamics are determined by the universal propagation of transverse topological defects ([@R53]), e.g., dislocations in the charge order. Our study establishes tr-RSXS as a new tool to study collective charge dynamics of quantum materials at yet unexplored low-energy scales.

MATERIALS AND METHODS
=====================

Sample growth and characterization
----------------------------------

A high-quality pellet of La~1.875~Ba~0.125~CuO~4~ was grown by the floating zone method and cut into smaller single crystals ([@R30]). The crystals were cleaved in air to expose a fresh surface, mainly oriented along the *ab* plane. The 2-mm-sized single crystal used in this study was preoriented using a laboratory-based Cu*K*α x-ray source. The lattice parameters were determined to be *a* = *b* = 3.787 Å and *c* = 13.23 Å. The surface miscut with respect to the *ab* crystalline plane was found to be 21°. The superconducting *T*~c~ of the sample was verified through a SQUID (superconducting quantum interference device) magnetometry measurement to be approximately 5 K.

Time-resolved resonant soft x-ray scattering
--------------------------------------------

Low-temperature optical pump, soft x-ray probe measurements were performed at the Soft X-Ray (SXR) instrument of the Linac Coherent Light Source (LCLS) X-ray FEL at SLAC National Laboratory, Menlo Park, USA ([@R55]). The measurements reported in this work were carried out at an RSXS endstation ([@R31]) in a vacuum of 3 × 10^−9^ torr. Low temperatures down to 12 K were achieved with a manipulator equipped with a Helium flow cryostat. Ultrafast probe x-rays at a repetition rate of 120 Hz were obtained by tuning the FEL to the Cu L~3/2~ edge (931.5 eV) and with a bandwidth of 0.3 eV after passing through a grating monochromator. The p-polarized x-ray pulses had a typical pulse duration of 60 fs and a pulse energy of 1.5 μJ and were focused down to an elliptical spot of 1.5 × 0.03 mm^2^. The optical pump pulses of 1.55 eV, also p-polarized, were generated with a Ti:sapphire amplifier run at 120 Hz and propagated collinearly with the x-rays into the RSXS endstation. The 50-fs pump was focused down to a spot of 2.0 × 1.0 mm^2^ to probe a homogeneously excited sample volume. The beams were spatially overlapped onto a frosted Ce:YAG crystal and synchronized by monitoring the reflectivity changes of a Si~3~N~4~ thin film. The shot-to-shot temporal jitter between pump and probe pulses was measured by means of a timing tool ([@R56], [@R57]) and corrected by time sorting during the data analysis. The overall time resolution of approximately 130 fs was checked by measuring the cross-correlation signal on a polished Ce:YAG crystal (see fig. S1). Shot-to-shot intensity fluctuations from the FEL were corrected in the photodiode data through a reference intensity readout before the monochromator. The scattered x-rays were measured with an energy-integrating APD located on a rotating arm at 17.3 cm from the sample, while tr-RIXS measurements were performed with a modular qRIXS grating spectrometer ([@R32]) mounted on a port at 135° with respect to the incident beam and provided an energy resolution of \~0.7 eV (full width at half maximum) when using the second order of the grating. The spectrometer was equipped with an ANDOR charge-coupled device camera operated at a readout rate of 120 Hz in 1D binning mode along the nondispersive direction. The pump-probe time delay was controlled both electronically and through a mechanical translation stage. All the time-dependent rocking curves presented in this work were referenced to their equilibrium values by selectively varying the pump-probe time delay to negative values during the data acquisition to minimize errors due to motor backlash and step accuracy.
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